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GLYHUVH FRQFOXVLRQV LQ WKRVH H[SHULPHQWDO DQG QXPHULFDO LQYHVWLJDWLRQV >@ ,Q WKH H[SHULPHQWDO LQYHVWLJDWLRQV RI
QDQRIOXLGVQDWXUDOFRQYHFWLRQKHDWWUDQVIHUGHWHULRUDWLRQZDVXVXDOO\QRWLFHGZKHUHDVLQQXPHULFDO LQYHVWLJDWLRQV
HQKDQFHPHQW LV UHSRUWHG  ,Q KLV EHQFK PDUN VWXG\ %XRQJLRUQR >@ KDV UHSRUWHG VHYHQ SRVVLEOH PHFKDQLVPV
DVVRFLDWLQJ QDQRIOXLG QDWXUDO FRQYHFWLRQ WKURXJKPRPHQW RI QDQRSDUWLFOHV LQ WKH EDVH IOXLG XVLQJ VFDOH DQDO\VLV
3XWUD HW DO >@ KDYH IRXQGKHDW WUDQVIHU GHSUHFLDWLRQ LQERWK$O2ZDWHU DQG&X2ZDWHUEDVHGQDQRIOXLGV ZLWK
YROXPHIUDFWLRQDQGLQWKHLUH[SHULPHQWDOVWXG\:HQDQG'LQJ>@DOVRUHSRUWHGKHDWWUDQVIHUGHWHULRUDWLRQ
LQ7L2ZDWHUEDVHGQDQRIOXLGV ZLWKYROXPH IUDFWLRQDQG LQ WKHLU VWXG\/LDQG3HWHUVRQ >@KDYH
GHVFULEHGQDWXUDOFRQYHFWLRQKHDWWUDQVIHUGHFHOHUDWLRQLQ$O2ZDWHUEDVHGQDQRIOXLGZLWKYROXPHIUDFWLRQ
DQG1LHWDO >@QRWLFHGGHWHULRUDWLRQ LQQDWXUDOFRQYHFWLRQKHDW WUDQVIHU LQ WKH$O2ZDWHUEDVHGQDQRIOXLG
DQGLVGXHWRPDVVGLIIXVLRQRIQDQRSDUWLFOHVLQWKHLUH[SHULPHQWDOVWXG\XQGHUWKH5D\OHLJK%HQDUGFRQILJXUDWLRQ
1QDQQD HW DO >@ KDYH IRXQG LQ WKHLU H[SHULPHQW WKDW WKH QDWXUDO FRQYHFWLRQ KHDW WUDQVIHU GHSUHFLDWHV ZKHQ
QDQRSDUWLFOHYROXPHIUDFWLRQLVPRUHWKDQLQWKH$O2ZDWHUQDQRIOXLG+RHWDO>@DOVRFRQYH\HGXSWR
QDWXUDO FRQYHFWLYH KHDW WUDQVIHU LPSURYHPHQW LQ $O2  ZDWHU QDQRIOXLG ZLWK YROXPH IUDFWLRQ  EXW
GHWHULRUDWLRQZDVIRXQGZKHQWKHYROXPHIUDFWLRQZDVPRUHWKDQ(DVWPDQHWDO>@KDYHQRWLFHGLQDQXPHULFDO








DQDO\]HG WKH VFDOLQJ DQDO\VLV IRU WKHZDWHUSDVVDJH WKURXJK QDQRFRQILQHGJHRPHWULHV.KDQDIHU HW DO >@ IRXQG
UHPDUNDEOHKHDW WUDQVIHUHQKDQFHPHQW LQ&X2ZDWHUEDVHGQDQRIOXLGVZKHQQDQRSDUWLFOHYROXPH IUDFWLRQ LVXS WR
2]WRSDQG$EX1DGD>@KDYHGLVFXVVHGKHDWDQGPDVVWUDQVIHUFKDUDFWHULVWLFVRI$O2ZDWHU7L2ZDWHU
DQG&X2ZDWHUQDQRIOXLGVRYHUWZRGLPHQVLRQDOUHFWDQJXODUHQFORVXUHVDQGIRXQGVLJQLILFDQWQDWXUDOFRQYHFWLRQ
KHDW WUDQVIHU HQKDQFHPHQWZKHQ YROXPH IUDFWLRQ RI QDQRSDUWLFOHV LV XS WR$PLQRVVDGDWL DQG*KDVHPL >@
UHSRUWHG WKDW DGGLQJ FRSSHU &X VLOYHU $J $O2 DQG 7L2 QDQRSDUWLFOHV ࢥ ZDV XS WR  FRXOG LPSURYH





HQKDQFHPHQW RI ZDWHUEDVHG JROG $X $O2 &X DQG 7L2 QDQRIOXLGV  ZKHQ ࢥ ZDV XS WR  LQ D WZR
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7KHPDLQ DLP RI WKH SUHVHQW VWXG\ LV WR GLVFXVV WKH KHDW DQG PDVV WUDQVIHU FKDUDFWHULVWLFV RYHU D FRQHZLWK KRW
VXUIDFH&RPSDULVRQZLWKSUHYLRXVO\SXEOLVKHGZRUNLVPDGHDQGLVVKRZQLQWDEOH

7KH HIIHFW RI PDJQHWLF ILHOG SDUDPHWHU 0 RQ WKH YHORFLW\ WHPSHUDWXUH DQG FRQFHQWUDWLRQ SURILOHV DUH
GHSLFWHG LQ )LJV    IRU ERWK $O2 ± ZDWHU DQG $J ± ZDWHU EDVHG QDQRIOXLGV 7KH YHORFLW\ SURILOHV LPSHGH
WKURXJKRXWWKHERXQGDU\OD\HUZLWKWKHLQFUHDVHLQWKHVWUHQJWKRIPDJQHWLFSDUDPHWHULQWKHERWK$O2±ZDWHUDQG
$J±ZDWHUQDQRIOXLGV7KLVLVGXHWRWKHIDFWWKDWWKHSUHVHQFHRIDPDJQHWLFILHOGLQWKHIORZFUHDWHVDIRUFHNQRZQ
DV WKH /RUHQW] IRUFH ZKLFK DFWV DV D UHWDUGLQJ IRUFH DQG FRQVHTXHQWO\ WKHPRPHQWXP ERXQGDU\ OD\HU WKLFNQHVV
GHFHOHUDWHVWKURXJKRXWWKHIORZUHJLRQ)LJ:HGHILQHWKHWKHUPDOHQHUJ\DVWKHDGGLWLRQDOIRUFHZKLFKGUDJVWKH




7KH WHPSHUDWXUH DQG FRQFHQWUDWLRQ GLVWULEXWLRQV IRU YDULRXV YDOXHV RI WKH PL[HG FRQYHFWLRQ SDUDPHWHU 5D DUH
VKRZQLQ)LJV,WLVDQDO\VHGWKDWERWKWHPSHUDWXUHDQGFRQFHQWUDWLRQSURILOHVLQWKHERWK$O2±ZDWHUDQG$J
±ZDWHUQDQRIOXLGVLPSHGHVZLWKLQFUHDVLQJYDOXHVRIPL[HGFRQYHFWLRQSDUDPHWHU5D7KLVLVEHFDXVHRIWKHIDFW
WKDWPL[HGFRQYHFWLRQSDUDPHWHU LVPRUHGRPLQDQWDVFRPSDUHG WR WKHEXR\DQF\UDWLRSDUDPHWHUVR WKDW WKHUH LV
UHWDUGDWLRQ LQ WKH WKLFNQHVV RI WKHUPDO DQG QDQRSDUWLFOHV FRQFHQWUDWLRQ ERXQGDU\ OD\HUV )LJXUHV    GHSLFW
WHPSHUDWXUH șDQGFRQFHQWUDWLRQ 6GLVWULEXWLRQV IRUGLIIHUHQWYDOXHVRI WKHEXR\DQF\ UDWLRSDUDPHWHU 1U7KH
WHPSHUDWXUHSURILOHVLQWKHERWKQDQRIOXLGVLQFUHDVHVZLWKLQFUHDVLQJYDOXHVRIWKHEXR\DQF\UDWLRSDUDPHWHU7KLVLV
IURP WKH UHDOLW\ WKDW KLJKHU WKHYDOXHVEXR\DQF\ UDWLRSDUDPHWHU HQKDQFHV WKH IOXLGV WHPSHUDWXUH VR WKDW WKHUPDO
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
ERXQGDU\OD\HUWKLFNQHVVLVLQFUHDVHG)LJ7KHFRQFHQWUDWLRQSURILOHVDOVRHQKDQFHVWKURXJKRXWWKHIOXLGUHJLRQ
IRU GLIIHUHQW LQFUHDVLQJ YDOXHV RI EXR\DQF\ UDWLR SDUDPHWHU 1U 7KLV LV EHFDXVH RI WKH IDFW WKDW QDQRSDUWLFOHV
FRQFHQWUDWLRQERXQGDU\OD\HUWKLFNQHVVLQWKHERWK$O2±ZDWHUDQG$J±ZDWHUQDQRIOXLGVHOHYDWHVZLWKLQFUHDVLQJ
YDOXHVRI1U)LJ)LJXUHVVKRZVWHPSHUDWXUHșDQGFRQFHQWUDWLRQGLVWULEXWLRQVIRUGLIIHUHQWYDOXHVRI
WKH QDQRSDUWLFOH YROXPH IUDFWLRQ SDUDPHWHU ߶ IRU ERWK$O2 DQG$J± ZDWHU QDQRIOXLGV 7KH WHPSHUDWXUH DQG
FRQFHQWUDWLRQGLVWULEXWLRQVGHFHOHUDWHZLWK WKH LQFUHDVLQJYDOXHVRI ߶ LQ WKHERWK$O2±ZDWHUDQG$J±ZDWHU
QDQRIOXLGV7KLVPHDQVWKDWWKHWKLFNQHVVRIERWKWKHUPDODQGVROXWDOERXQGDU\OD\HUVLVUHGXFHGLQWKHIOXLGUHJLPH
7KHWHPSHUDWXUHDQGFRQFHQWUDWLRQGLVWULEXWLRQVIRUWKHYDULRXVYDOXHVRI3UDQGWOQXPEHU3UDUHVKRZQLQ)LJV
DQG7KH WHPSHUDWXUHSURILOHVGHFUHDVHZLWKKLJKHU3UDQGWOQXPEHUYDOXHV LQ WKHERWKQDQRIOXLGV)LJ:H





REVHUYHG WKDW WHPSHUDWXUH LQ WKH WKHUPDO ERXQGDU\ OD\HU LQFUHDVHV ZLWK LQFUHDVH LQ $DQG % SRVLWLYH YDOXHV
ZKHUHDV WKH WKHUPDO ERXQGDU\ OD\HU WKLFNQHVV GHFHOHUDWHV ZLWK WKH GHFUHDVH LQ WKH KHDW DEVRUSWLRQ SDUDPHWHUV
$DQG%QHJDWLYHYDOXHV7KLVLVGXHWRWKHIDFWWKDWZLWKDQLQFUHDVHLQ$!%!KHDWVRXUFH WKHERXQGDU\
OD\HUFUHDWHVHQHUJ\ZKLFKFDXVHVWKHULVHLQWKHWHPSHUDWXUHSURILOHVZKHUHDVZLWKDGHFUHDVHLQ$%KHDW





QXPEHUሺെ߶ᇱሺͲሻሻIRUERWK$O2±ZDWHU DQG$J±ZDWHU QDQRIOXLGV DUH FDOFXODWHG DQG SUHVHQWHG LQ WDEOH ,W LV




UHVHUYH WUHQG LV REVHUYHG LQ VNLQIULFWLRQ FRHIILFLHQW ZLWK WKH LQFUHDVLQJ YDOXHV RI QDQRSDUWLFOH YROXPH IUDFWLRQ
SDUDPHWHU ࢥ ,W LV UHSRUWHG WKDW UDWHV RI YHORFLW\ GHSUHFLDWHV ZKHUHDV GLPHQVLRQOHVV KHDW WUDQVIHU UDWHV DQG PDVV
WUDQVIHUUDWHVULVHVLQWKHERWKQDQRIOXLGVZLWKLQFUHDVLQJYDOXHVRIFKHPLFDOUHDFWLRQSDUDPHWHU&U,WLVDOVRQRWHG
IURP WKLV WDEOH WKDW VNLQIULFWLRQ FRHIILFLHQW LPSHGHV EXW ERWK KHDW DQG PDVV WUDQVIHU UDWHV HVFDODWHV ZLWK WKH
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WHPSHUDWXUHGHSHQGHQW KHDW VRXUFHVLQN DQG FKHPLFDO UHDFWLRQ HIIHFWV LQWR WKH FRQVLGHUDWLRQ 9HORFLW\ SURILOHV
GHSUHFLDWHZKHUHDV WHPSHUDWXUHDQGFRQFHQWUDWLRQSURILOHVHOHYDWHVZLWK0 LQ WKHERWK$O2±ZDWHUDQG$J±
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$DQGWHPSHUDWXUHGHSHQGHQW%IRUKHDWVRXUFHVLQNSDUDPHWHUV7KHFRQFHQWUDWLRQSURILOHVDUHKLJKO\LQIOXHQFHG
E\WKHFKHPLFDOUHDFWLRQSDUDPHWHULQWKHIORZUHJLRQ

5HIHUHQFHV

>@:DQJ;40XMXPGDU$6$UHYLHZRQQDQRIOXLGVSDUWH[SHULPHQWVDQGDSSOLFDWLRQV%UD]-&KHP(QJ±
>@6DUNDU-$FULWLFDOUHYLHZRQFRQYHFWLYHKHDWWUDQVIHUFRUUHODWLRQVRIQDQRIOXLGV5HQHZ6XVW(QHUJ5HY±
>@.DP\DU$6DLGXU5+DVDQX]]DPDQ0$SSOLFDWLRQRIFRPSXWDWLRQDOIOXLGG\QDPLFV&)'IRU1DQRIOXLG,QW-+HDW0DVV7UDQVI
±
>@+DGGDG=2]WRS+)$EX1DGD(0DWDRXL$$UHYLHZRQQDWXUDOFRQYHFWLYHKHDWWUDQVIHURI1DQRIOXLGV5HQHZ6XVW(QHUJ5HY
±
>@%XRQJLRUQR-&RQYHFWLYHWUDQVSRUWLQQDQRIOXLGV-+HDW7UDQVIHU±
>@3XWUD15RHW]HO:'DV6.1DWXUDOFRQYHFWLRQRIQDQRIOXLGV+HDW0DVV7UDQVI±
>@:HQ''LQJ<)RUPXODWLRQRIQDQRIOXLGVIRUQDWXUDOFRQYHFWLYHKHDWWUDQVIHUDSSOLFDWLRQV,QW-+HDW)OXLG)ORZ±
>@/L&+3HWHUVRQ*3([SHULPHQWDOVWXGLHVRIQDWXUDOFRQYHFWLRQKHDWWUDQVIHURI$O2',ZDWHUQDQRSDUWLFOHVXVSHQVLRQVQDQRIOXLGV
$GYDQFHVLQ0HFKDQLFDO(QJLQHHULQJ$UWLFOH,'
>@5XL16KHQJ4L=.H4LQJ;$QH[SHULPHQWDOLQYHVWLJDWLRQRIWXUEXOHQWWKHUPDOFRQYHFWLRQLQZDWHUEDVHGDOXPLQDQDQRIOXLG3K\VLFVRI
)OXLGV
>@1QDQQD$*$([SHULPHQWDOPRGHORIWHPSHUDWXUHGULYHQQDQRIOXLG-+HDW7UDQVI±
>@+R&-/LX:.&KDQJ<6/LQ&&1DWXUDOFRQYHFWLRQKHDWWUDQVIHURIDOXPLQDZDWHUQDQRIOXLGLQYHUWLFDOVTXDUHHQFORVXUHVDQ
H[SHULPHQWDOVWXG\,QW-7KHUP6FL±
>@(DVWPDQ-$&KRL686/L67KRPSVRQ/-DQG/HH6(QKDQFHGWKHUPDOFRQGXFWLYLW\WKURXJKWKHGHYHORSPHQWRIQDQRIOXLGLQ6
.RPDUQHQL-&3DUNHU+-:ROOHQEHUJHU(GV1DQRSKDVHDQG1DQRFRPSRVLWH0DWHULDOV,,0563LWWVEXUJ3$±
>@(DVWPDQ-$&KRL686/L6<X:DQG7KRPSVRQ/-$QRPDORXVO\LQFUHDVHGHIIHFWLYHWKHUPDOFRQGXFWLYLWLHVRIHWK\OHQHJO\FRO
EDVHGQDQRIOXLGVFRQWDLQLQJFRSSHUQDQRSDUWLFOHV$SSO3K\V/HWW±
>@&KRL686=KDQJ=*<X:/RFNZRRG)(DQG*UXONH($$QRPDORXVWKHUPDOFRQGXFWLYLW\HQKDQFHPHQWLQQDQRWXEHVXVSHQVLRQV
$SSO3K\V/HWW±
>@;LH+:DQJ-;L7/LX<$L)DQG:X47KHUPDOFRQGXFWLYLW\HQKDQFHPHQWRIVXVSHQVLRQVFRQWDLQLQJQDQRVL]HGDOXPLQDSDUWLFOHV
-$SSO3K\V±
>@%UHVPH)2HWWHO01DQRSDUWLFOHVDWIOXLGLQWHUIDFHV-3K\VLFV&RQGHQVH0DWWHU
>@/HUYLN$%UHVPH).MHOVWUXS6+HDWWUDQVIHULQVRIWQDQRVFDOHLQWHUIDFHVWKHLQIOXHQFHRILQWHUIDFHFXUYDWXUH6RIW0DWWHU
±
>@(OLRGRUR&3LHWUR$(QKDQFLQJVXUIDFHKHDWWUDQVIHUE\FDUERQQDQRILQVWRZDUGVDQDOWHUQDWLYHWRQDQRIOXLGV"1DQRVFDOH5HVHDUFK/HWWHUV

>@(OLRGRUR&0DWWHR)3LHWUR$3DROR'6FDOLQJEHKDYLRXUIRUWKHZDWHUWUDQVSRUWLQQDQRFRQILQHGJHRPHWULHV1DWXUH&RPPXQLFDWLRQV

>@.KDQDIHU.9DIDL./LJKWVWRQH0%XR\DQF\GULYHQKHDWWUDQVIHUHQKDQFHPHQWLQDWZRGLPHQVLRQDOHQFORVXUHXWLOL]LQJQDQRIOXLGV,QW-
+HDW0DVV7UDQVIHU±
>@2]WRS+)$EX1DGD(1XPHULFDOVWXG\RIQDWXUDOFRQYHFWLRQLQSDUWLDOO\KHDWHGUHFWDQJXODUHQFORVXUHILOOHGZLWKQDQRIOXLGV,QW-+HDW
)OXLG)ORZ±
>@$PLQRVVDGDWL60*KDVHPL%1DWXUDOFRQYHFWLRQFRROLQJRIDORFDOLVHGKHDWVRXUFHDWWKHERWWRPRIDQDQRIOXLGILOOHGHQFORVXUH(XURSHDQ
-0HFKDQLFV%)OXLGV±
>@*KDVHPL%$PLQRVVDGDWL60%URZQLDQPRWLRQRIQDQRSDUWLFOHVLQDWULDQJXODUHQFORVXUHZLWKQDWXUDO&RQYHFWLRQ,QW-7KHUP6FL
±
>@)DNKUHGGLQH6HJQL25DFKLG%+HWHURJHQHRXVQDQRIOXLGVQDWXUDOFRQYHFWLRQKHDWWUDQVIHUHQKDQFHPHQW1DQRVFDOH5HVHDUFK/HWWHUV

>@7HUQLN35XGROI5+HDWWUDQVIHUHQKDQFHPHQWIRUQDWXUDOFRQYHFWLRQIORZRIZDWHUEDVHGQDQRIOXLGVLQDVTXDUHHQFORVXUH,QW-6LPXODWLRQ
0RGHOOLQJ±
>@.X]QHWVRY$91LHOG'$1DWXUDOFRQYHFWLYHERXQGDU\OD\HUIORZRIDQDQRIOXLGSDVWDYHUWLFDOSODWH,QWHUQDWLRQDO-RXUQDORI7KHUPDO
6FLHQFHV
>@%KDUJDYD56KDUPD5DQG%pJ2$2VFLOODWRU\FKHPLFDOO\UHDFWLQJ0+'IUHHFRQYHFWLRQKHDWDQGPDVVWUDQVIHULQDSRURXVPHGLXP
ZLWK6RUHWDQG'XIRXUHIIHFWVILQLWHHOHPHQWPRGHOLQJ,QW-$SSO0DWK0HFK±
>@%pJ2$7DNKDU+6%KDUJDYD55DZDW6DQG3UDVDG951XPHULFDOVWXG\RIKHDWWUDQVIHURIDWKLUGJUDGHYLVFRHODVWLFIOXLGLQQRQ
'DUFLDQSRURXVPHGLDZLWKWKHUPRSK\VLFDOHIIHFWV3K\V6FU±
>@5DQD3DQG%KDUJDYD5)ORZDQGKHDWWUDQVIHURIDQDQRIOXLGRYHUDQRQOLQHDUO\VWUHWFKLQJVKHHWDQXPHULFDOVWXG\&RPP1RQOLQHDU
6FL1XPHU6LPXODW±
>@0$$+DPDG$QDO\WLFDOVROXWLRQRIQDWXUDOFRQYHFWLRQIORZRIDQDQRIOXLGRYHUDOLQHDUO\VWUHWFKLQJVKHHWLQWKHSUHVHQFHRIPDJQHWLF
ILHOG,QWHUQDWLRQDO&RPPXQLFDWLRQVLQ+HDWDQG0DVV7UDQVIHU±
